Abstract-A role of interferon-␥ is suggested in early development of atherosclerosis. However, the role of interferon-␥ in progression and destabilization of advanced atherosclerotic plaques remains unknown. Thus, the aim of this study was to determine whether postnatal inhibition of interferon-␥ signaling could inhibit progression of atherosclerotic plaques and stabilize the lipid-and macrophage-rich advanced plaques. Atherosclerotic plaques were induced in ApoE-knockout (KO) mice by feeding high-fat diet from 8 weeks old (w). Interferon-␥ function was postnatally inhibited by repeated gene transfers of a soluble mutant of interferon-␥ receptors (sIFN␥R), an interferon-␥ inhibitory protein, into the thigh muscle every 2 weeks. When sIFN␥R treatment was started at 12 w (atherosclerotic stage), sIFN␥R not only prevented plaque progression but also stabilized advanced plaques at 16 w: sIFN␥R decreased accumulations of the lipid and macrophages and increased fibrotic area with more smooth muscle cells. Moreover, sIFN␥R downregulated expressions of proinflammatory cytokines, chemokines, adhesion molecules, and matrix metalloproteinases but upregulated procollagen type I. sIFN␥R did not affect serum cholesterol levels. In conclusion, postnatal blocking of interferon-␥ function by sIFN␥R treatment would be a new strategy to inhibit plaque progression and to stabilize advanced plaques through the antiinflammatory effects. 
T here is increasing evidence that atherosclerosis is a kind of chronic inflammation 1 characterized by continued recruitment and activation of monocytes and T-lymphocytes. 2, 3 Interferon-␥ is highlighted as a key mediator of atherosclerosis. Interferon-␥ is expressed at high levels in T-lymphocytes in atherosclerotic lesions. 4 and foam cell formation through upregulation of scavenger receptors. 6 -11 However, interferon-␥ also has atheroprotective actions, such as induction of antiinflammatory cytokines, in a range of cell types. 12 Thus, the complexity of the in vitro effects makes it difficult to elucidate the in vivo effects of interferon-␥ on the development and progression of atherosclerosis.
Whitman et al 13 demonstrated that chronic administration of recombinant interferon-␥ enhanced atherosclerosis in ApoE-KO mice. In atherosclerotic mice, such as ApoE-KO mice and LDL receptor-KO mice, genetic ablation of interferon-␥ or the interferon-␥ receptors reduced atherosclerosis. 4, 14, 15 These studies have suggested that interferon-␥ promotes early development of atherosclerosis. However, when the therapeutic potential was considered, prophylactic inhibition of interferon-␥ would not be feasible before the development of atherosclerosis. Accordingly, it must be investigated about the roles of interferon-␥ on progression and destabilization of established advanced plaques. But, so far, no prior studies have addressed the effects of postnatal inhibition of interferon-␥ signaling on the advanced plaques.
Thus, the aim of this study was to determine whether postnatal inhibition of interferon-␥ signaling could inhibit progression of atherosclerotic plaques and stabilize the lipidand macrophage-rich advanced plaques. It has been shown that overexpression of a soluble mutant of interferon-␥ receptor (sIFN␥R), an interferon-␥ inhibitory protein, is a safe and effective tool to investigate the roles of interferon-␥ in the pathogenesis of experimental models of inflammatory diseases. 16, 17 Therefore, in the present study, naked plasmid DNA encoding sIFN␥R was injected repeatedly into the thigh muscle to produce sIFN␥R, as a means to inhibit interferon-␥ signaling in the advanced atherosclerotic stage of high-fat diet-fed ApoE-KO mice.
Materials and Methods
The study protocol was reviewed and approved by the Animal Care and Treatment Committee of Kurume University. C57BL/6J ApoE-KO mice and C57BL/6J mice (wild-type) were purchased from Jackson Laboratory (Bar Harbor, Me) and housed under standard conditions of humidity, room temperature, and dark-light cycles in plenty of chow and water.
sIFN␥R Plasmid
The plasmid DNA encoding sIFN␥R, the extracellular portion of the mouse interferon-␥ receptor ␣-chain conjugated with mouse IgG1 Fc-segment, was a gift of Dr Prud'homme (McGill University, Montreal, Canada). The construction of the sIFN␥R plasmid and the anti-interferon-␥ effects ex vivo were described elsewhere. 16, 17 The plasmid was amplified, purified with an endotoxin-free purification kit (Quiagen) and stored at Ϫ20°C until use.
sIFN␥R Gene Transfer sIFN␥R gene transfer was performed by using the naked DNA method, as described previously. 18, 19 Briefly, under ether anesthesia, 12.5 g/g body weight of 0.5% bupivacaine (AstraZeneca) was injected into the thigh muscle to improve the efficiency of gene transfer. 20 Three days after bupivacaine pretreatment, denoted doses of sIFN␥R plasmid or the blank plasmid (mock) solved in 40 L phosphate-buffered saline (PBS) were injected at the same site of the muscle as bupivacaine had been injected.
To evaluate the efficacy of gene transfer, serum sIFN␥R protein levels were examined after a single sIFN␥R gene transfer in wild-type mice. sIFN␥R plasmid (200 g) was injected into the thigh muscle 3 days after bupivacaine treatment. At denoted days, blood was drawn from the right atrium and kept frozen at Ϫ80°C (nϭ10/group). Aliquots of the serum (300 L) were subjected to immunoprecipitation followed by immunoblotting using an antibody against the extracellular portion of the mouse interferon-␥ receptor ␣-chain (Santa Cruz Biotech). 21 The signals were analyzed with the chemiluminescence detection system (Pierce Biotechnology). 18 
Inhibitory Effects of sIFN␥R Gene Transfer on Interferon-␥-Induced Macrophage Mobilization
In vivo anti-interferon-␥ effect of sIFN␥R gene transfer was determined, as follows. In wild-type mice, 10, 100, or 200 g of sIFN␥R plasmid or the mock (200 g) was injected into the bupivacaine-pretreated thigh muscle (nϭ10/group). Three days after sIFN␥R gene transfer, recombinant mouse Interferon-␥ (8000 IU) dissolved in 50 L of 25% pluronic F127 gel (Sigma Chemical Co) was injected intradermally onto the back. Twenty-four hours later, the injected dermis (5 mmϫ5 mm) was excised en-bloc, processed for the paraffinized sections, and subjected to immunohistostaining using monocyte/macrophage-specific monoclonal antibody (MOMA-2; Serotec) and a commercially available detection system (Vecstastain Elite ABC kit; Vector Laboratories). 22, 23 The number of infiltrated MOMA-2-stained macrophages was counted in the whole sections of the skin (5 sections per animal). The averages of macrophage counts were expressed as the cell count/mm 2 .
Experiment 1
From 8 weeks old (w), ApoE-KO mice were fed high-fat diet containing 20% fat and 0.15% cholesterol (Oriental Yeast). Mice were randomized to sIFN␥R-treated mice and mock-treated mice (nϭ40/group). sIFN␥R or mock plasmid (200 g) was injected into the bupivacaine-treated thigh muscle twice at 12 and 14 w. The right and left legs were used for the gene transfers, alternately. After 4-week treatment (16 w), mice were euthanized with an overdose of pentobarbital after collection of blood from the right atrium. Immediately after the mice were perfused with ice-cold PBS, the heart and aorta were excised and subjected to morphometric and histological analyses. Serum total cholesterol and high-density lipoprotein (HDL)-cholesterol were measured by a commercially available laboratory (SRL, Fukuoka).
En Face Plaque Area
Immediately after mice were killed, the aorta (nϭ10/group) was excised and fixed in 10% buffered formalin for quantification of en face plaque area. 24 Briefly, after the adventitial tissue was carefully removed, the aorta was opened longitudinally, stained with oil red O (Sigma), and pinned on a black wax surface. En face images were obtained by a stereomicroscope (SZX12, Olympus, Tokyo) equipped with a digital camera (Dxm1200, Nicon, Tokyo) and analyzed using Adobe Photoshop version 7.0 and Scion Image software. The percentage of the luminal surface area stained by oil red O was determined. 24 
Histology and Immunohistostaining
After the mouse was euthanized and perfused with ice-cold PBS, the heart and the ascending aorta (nϭ10/group) were snap-frozen in OCT compound (Sakura FineTech) for histological and immunohistological analyses. Serial cryostat sections (6 m in the thickness) of the aortic root were prepared as described previously. 25 Briefly, atherosclerotic plaques were investigated at 5 independent section sets, each separated by 120 m. Mallory-Azan staining and oil red O staining were performed to determine fibrotic tissue and lipid-rich core, respectively. The remaining sections were subjected to immunohistostaining using antibodies against monocyte/macrophage (MOMA-2), ␣-smooth muscle actin (␣-SMA; DAKO Cytomation), phosphorylated form of signal transducer and activator of transcription-1 (STAT1; Assay BioTechnology), CD40 (BD Pharmingen), and CD40 ligand (CD40L; Santa Cruz). For quantitative estimation of the plaque contents, we analyzed oil red O-, MOMA-2-, Azan-, and ␣-SMA-stained areas by using Adobe Photoshop version 7.0 and Scion Image software. In each animal, the average for 5 independent sections was used for analysis. The histological plaque stability score was calculated as follows: the plaque stability scoreϭ(␣-SMA-positive SMC areaϩAzan-stained collagen area)/(MOMA-2-stained macrophage areaϩoil red O-stained lipid area). 25 
Immunoblotting Analysis
The aorta was immediately snap-frozen in dry-ice/acetone (nϭ10/ group). After tissue homogenization, protein extract was separated by 10% SDS-PAGE and subjected to immunoblotting using antibodies against total STAT1 and phosphorylated STAT1 (Assay BioTechnology). 22, 26 The signals were detected and analyzed using the chemiluminescence detection system. 18 Signal intensity of phosphorylated STAT1 was normalized by total STAT1 level in each sample. 27
Real-Time RT-PCR Analysis
The aorta was rapidly snap-frozen in dry-ice/acetone and stored at Ϫ80°C until use (nϭ10/group). Total RNA was extracted and subjected to real-time RT-PCR analysis for quantitative evaluation of the mRNA expression changes in IL-1␤, IL-6, VCAM-1, MCP-1, MIP-1␣, procollagen type 1, matrix metalloproteinase (MMP)-9, and MMP-13. 28 Expression level of the target gene was normalized by GAPDH level in each sample. See the online supplement (available at http://circres.ahajournals.org) for details on procedures.
Experiment 2
ApoE-KO mice were fed high-fat diet from 8 w and randomized to the following 3 groups (nϭ10/group) at 12 w. 
Statistical Analysis
Each quantitative analysis was performed by a single observer blinded to the experimental protocol. Data are expressed as meanϮSD. Mann-Whitney U test was performed for the comparisons between 2 groups. Kruskal-Wallis test and Scheffé post-hoc analysis were used for the comparisons among 3 groups. A value PϽ0.05 was considered to be statistically significant.
Results

Efficacy of a Single sIFN␥R Gene Transfer in Wild-Type Mice
In wild-type mice, temporal changes in serum sIFN␥R protein levels were evaluated after a single gene transfer of sIFN␥R plasmid (200 g). Immunoblotting analysis showed that sIFN␥R protein was secreted into the serum, peaking at 3 to 7 days after gene transfer and being elevated for at least 2 weeks ( Figure 1A ). Next, in vivo anti-interferon-␥ effect of sIFN␥R gene transfer was determined in wild-type mice. In mock-treated mice, 24 hours after recombinant interferon-␥ was injected intradermally onto the back, marked infiltration of MOMA-2-stained macrophages was noted at the interferon-␥ injection site ( Figure 1B ). The macrophage infiltration was dosedependently inhibited by sIFN␥R treatment, and the effect of 200 g of sIFN␥R plasmid was maximal. Therefore, the dose was used throughout the following experiments.
Experiment 1
Effects of Repeated sIFN␥R Gene Transfers on General Conditions in ApoE-KO Mice
During 4-week sIFN␥R treatment, all mice of sIFN␥R-and mock-treated groups were apparently healthy, and no mice were lost before the day of sacrifice. sIFN␥R treatment had no effects on body weight and blood pressure (Table) . The 4-week sIFN␥R treatment did not affect serum total and HDL cholesterol levels. Peripheral blood counts of leukocytes and monocytes did not differ between sIFN␥R-and mock-treated mice (data not shown).
Effects on Plaque Area and Histological Aspects
Effects of postnatal inhibition of interferon-␥ function on existing plaques were investigated at the atherosclerotic stage of ApoE-KO mice by starting sIFN␥R gene transfer at 12 w. Mock-treated ApoE-KO mice showed marked progression of atheromatous plaques at 16 w (Figure 2 ). sIFN␥R treatment for 4 weeks attenuated progression of the aortic plaques.
Postnatal interferon-␥ function blocking not only reversed the plaque progression but also stabilized the advanced plaques. In mock-treated mice, the plaques consisted of massive oil red O-stained lipid core and bulky MOMA-2-stained macrophage accumulation, but had very thin Azanstained fibrous cap with little ␣-SMA-stained SMCs (Figure Total cholesterol, mg/dL
There were no significant differences in each parameter between sIFN␥R-and mock-treated ApoE-KO mice. Data are meansϮSD (nϭ11). 3A). These findings suggested low plaque stability from the histological aspect. sIFN␥R treatment decreased the lipid and macrophage areas but increased fibrotic area and, to lesser extent, SMC area ( Figure 3A and 3B) . Accordingly, the histological plaque stability score was improved by sIFN␥R treatment ( Figure 3C ).
Effects on STAT1 Activation and CD40/CD40L Expression
We investigated the effects of sIFN␥R treatment on phosphorylation levels of STAT1, the major signaling molecule activated by interferon-␥. In wild-type mice, STAT1 expression was scarcely found in the aorta ( Figure 4A ). In mocktreated ApoE-KO mice, STAT1 was not only upregulated but also phosphorylated. Immunohistostaining revealed that phosphorylated STAT1 was observed mainly in the atherosclerotic plaques ( Figure 4B ). sIFN␥R treatment remarkably reduced the STAT1 phosphorylation in the plaques.
Also, we examined the effects on CD40/CD40L signaling previously reported as a mediator of lesion progression. In mock-treated ApoE-KO mice, immunoreactive CD40 and CD40L were evident in the atherosclerotic plaques ( Figure  4B ). sIFN␥R treatment remarkably attenuated the CD40 and CD40L inductions.
Effects on the Gene Expression Changes
To explore the mechanisms whereby sIFN␥R treatment inhibits plaque progression and stabilizes the plaques, gene expression changes of the proinflammatory molecules and the molecules related to the extracellular matrix (ECM) metabolism were investigated in the aorta ( Figure 5 ). In mock-treated ApoE-KO mice, IL-1␤, IL-6, VCAM-1, MCP-1, and MIP-1␣ were markedly upregulated at 16 w. Postnatal inhibition of interferon-␥ function substantially reduced the inductions of proinflammatory cytokines, adhesion molecule, and chemokines.
MMP-9 (gelatinase) and MMP-13 (interstitial collagenase), the enzymes that degrade the ECM of plaques, were upregulated in mock-treated ApoE-KO mice. sIFN␥R treatment repressed the MMP expressions but upregulated procollagen type I, the major ECM component of plaques.
Experiment 2
Effects of the 8-week sIFN␥R treatment were investigated for the long-term effectiveness under prolonged hypercholesterolemia. In the treatment cessation group, mice received 4-week sIFN␥R treatment followed by 4-week mock treatment. There were no significant differences in body weight, blood pressure, and serum lipid levels among the sIFN␥R treatment group, the mock treatment group, and the treatment cessation group (data not shown). All mice in the 3 groups were apparently healthy during the observation period.
At 20 w, mock-treated mice showed further plaque progression ( Figure 6 ). The 8-week sIFN␥R treatment ameliorated the progression of the plaques, especially in the descending and abdominal aorta ( Figure 6A ). The en face plaque area was significantly smaller in sIFN␥R-treated mice than in mock-treated mice ( Figure 6B ). In the treatment cessation group, lesion development was evident after sIFN␥R treatment was stopped at 16 w, and the en face plaque area in the treatment cessation group was greater than in the 8-week sIFN␥R treatment group but smaller than the mock treatment group at 20 w.
Discussion
Using sIFN␥R gene transfer, the present study has demonstrated for the first time that postnatal blocking of interferon-␥ function not only inhibits progression of atherosclerotic plaques but also stabilizes the lipid-and macrophage-rich advanced plaques in ApoE-KO mice. Moreover, sIFN␥R treatment inhibited inductions of proinflammatory molecules and MMPs but increased procollagen type I expression.
ApoE-KO mouse is an appropriate model for investigating the role of interferon-␥ in atherosclerotic lesions, because interferon-␥-producing T-lymphocytes were documented within the atherosclerotic lesions in this model. 4 It has been shown that sIFN␥R is an interferon-␥ inhibiting protein, which competitively inhibits the binding of interferon-␥ to the receptors on the target cells by binding interferon-␥ in the extracellular space and/or in the circulation. 16, 17 To examine in vivo whether gene transfer of sIFN␥R would increase sIFN␥R production and inhibit inflammation, we injected the plasmid encoding sIFN␥R into the thigh muscle by using the naked DNA method. 29, 30 As shown in Figure 1 , sIFN␥R gene transfer into the thigh muscle elevated serum sIFN␥R protein levels and inhibited macrophage infiltration at the site of recombinant interferon-␥ injection (dermis of the back).
Accordingly, it was suggested that the overexpressed sIFN␥R proteins were secreted into the systemic circulation and in turn inhibited the interferon-␥-induced inflammation in remote organs. Thus, in the present study, interferon-␥ function was probably blocked in high-fat diet-fed ApoE-KO mice by overexpressing sIFN␥R in the thigh muscle. We and others have shown that repeated gene transfers using the naked DNA method is a safe and reproducible approach to maintain the long-term transgene expression without adverse effects. 18, 29, 30 Serum sIFN␥R levels remained elevated for at least 2 weeks after a single gene transfer ( Figure 1A) . Accordingly, sIFN␥R gene transfers were repeated twice at 2-week interval in the present study.
Effects on the Plaque Progression and Stability
The present study has provided novel evidence that postnatal inhibition of intrinsic interferon-␥ inhibits plaque progression of ApoE-KO mice in the atherosclerotic stage ( Figure 3 ). This is in line with previous studies showing that genetic ablation of interferon-␥ or the interferon-␥ receptors prevented the early development of atherosclerotic plaques in ApoE-KO mice and LDL receptor-KO mice. 4, 14, 15 The present study suggested that sIFN␥R treatment not merely delayed but inhibited plaque progression in the atherosclerotic stage as long as sIFN␥R therapy was continued ( Figure 6 ). Moreover, the fact that the lesion development caught up to the mocktreated group after the cessation of sIFN␥R treatment may indicate that interferon-␥ is a key molecule for progression of advanced plaques under prolonged hypercholesterolemia. Our observations not only support the notion that interferon-␥ plays a substantial role in atherosclerotic plaque formation but also raise the possibility that blocking of interferon-␥-mediated pathway would be a new target for prevention and treatment of atherosclerosis.
Another novel finding was that postnatal inhibition of interferon-␥ reduced lipid and macrophage accumulations and thickened fibrous cap by increasing fibrous tissue and SMCs, leading to stabilization of the lipid-and macrophagerich advanced plaques with thin fibrous cap (Figure 3) . These findings suggest that targeting interferon-␥ signaling is a Barϭ1ϫSD (nϭ10) . *PϽ0.01 vs wild-type mice.
␦ PϽ0.01 vs mock-treated ApoE-KO mice. B, Representative microphotographs of immunohistostainings against pSTAT1, CD40, and CD40L using the sections of the aortic root at 16 w.
potential strategy for regression and destabilization of advanced atherosclerotic lesions, particularly vulnerable plaques prone to rupture.
The present study is different from our previous one which showed that sIFN␥R treatment prevented the formation of atherosclerotic plaque in ApoE-KO mice when sIFN␥R gene therapy was started from the preatherosclerotic stage. 31 Whereas in this study, sIFN␥R treatment was performed in ApoE-KO mice with established, advanced plaques. sIFN␥R treatment not only inhibited the progression of the plaques but also stabilized them. Thus, the present study suggests that interferon-␥ pathway inhibition would have the therapeutic potential for atherosclerotic diseases.
Possible Mechanisms of Actions
Because sIFN␥R treatment did not change serum cholesterol levels, it is plausible that the observed effects are independent of cholesterol levels. The examinations on the tissue gene expressions delineated several possible sites of action of sIFN␥R on the plaque progression and histological stability. First, the antiinflammatory action would be mostly considerable. In atherosclerotic lesions, interferon-␥ is produced by T-lymphocytes and activates macrophages and T-lymphocytes. 7, 8 The activated macrophages are not only transformed to the lipid-laden foam cells but also produce proinflammatory cytokines, which in turn stimulate production of chemokines in the vascular wall cells and adhesion molecules on the ECs and SMCs. 6 -9 Therefore, interferon-␥ creates the self-amplifying cycle of activation of plaque inflammation and recruitment of inflammatory cells, leading to further plaque progression and destabilization. STAT1 phosphorylation was inhibited in atherosclerotic plaques of sIFN␥R-treated ApoE-KO mice (Figure 4) , suggesting that overexpressed sIFN␥R blocked the intrinsic interferon-␥-induced signaling in the atherosclerotic lesions. In this study, sIFN␥R treatment attenuated the augmented expressions of proinflammatory cytokines (IL-1␤ and IL-6), chemokines (MCP-1 and MIP-1␣), and VCAM-1 in ApoE-KO mice in the atherosclerotic stage ( Figure 5 ). Thus, it was likely that sIFN␥R abolished the interferon-␥-induced vicious cycle, being the mechanisms for inhibition of plaque progression and destabilization.
Another important site of action of sIFN␥R would be the ECM homeostasis. sIFN␥R treatment increased fibrous tissue and SMCs in the plaques (Figure 3) , associated with procollagen type I induction and MMP-13 and MMP-9 downregulations ( Figure 5 ). These findings were consistent with earlier studies demonstrating that interferon-␥ inhibited proliferation and procollagen expression of cultured SMCs 32,33 and stimulated MMP production of cultured macrophages and SMCs. 34 However, it was suggested that interferon-␥ induced SMC proliferation and intimal matrix deposition in animal models of proliferative vascular disorders, such as neointima formation after vascular injury 35 and neointima formation in isolated artery segment. 36, 37 The discrepancy may be explained by the differences in the underlying pathophysiology, the animal species studied, and the interactions of SMCs to the surrounding cells and other humoral factors among these disease models. In the present study, we not only confirmed previous findings in vitro but also showed novel evidence that interferon-␥ may participate in destabilization of the advanced plaques by degrading the ECM and by inhibiting intimal SMC proliferation.
The immune mediator CD40L and its receptor CD40 are crucial for initiation of plaque formation and for progression and destabilization of advanced plaques. 38 The CD40L signal induces production of cytokines and MMPs. 39 As shown in Figure 4B , sIFN␥R treatment reduced the CD40/CD40L expressions in the plaques, suggesting that interferon-␥ promotes production of cytokines and MMPs in the plaques through the CD40/CD40L pathway. Several mechanisms for this inhibition of CD40/CD40L system are considered. MCP-1 plays a role in CD40/CD40L inductions in the plaques in ApoE-KO mice. 24 In this study, sIFN␥R treatment decreased MCP-1 expression in ApoE-KO mice ( Figure 5 ). Thus, sIFN␥R treatment would have indirectly attenuated the CD40/CD40L expressions by decreasing MCP-1 induction. The decreased CD40/CD40L signals might simply reflect the reduction of infiltrating cells in the plaques, such as macro- phages and lymphocytes, which express CD40 or CD40L independently of interferon-␥. However, we observed that sIFN␥R treatment not only reduced the mobilization of peritoneal macrophages but also attenuated the CD40/CD40L expressions of macrophages by the direct action in ApoE-KO mice (supplemental Figure I) . Thus, the decreased CD40/ CD40L signals in plaques may not simply reflect the reduction of infiltrating cells but may be caused by the direct inhibition of the CD40/CD40L pathway by sIFN␥R treatment.
Lastly, interferon-␥ impedes reverse cholesterol transport and promotes the expression of scavenger receptors and the transformation of macrophages and SMCs to foam cells. 40, 41 Although we did not address this issue in this study, sIFN␥R treatment might have reduced the lipid-rich core through the improvement of reverse cholesterol transport and through the inhibition of foam cell formation.
Potential Merits of Targeting Interferon-␥
Using double knockout mice, recent studies have demonstrated that genetic ablation of proinflammatory molecules, such as IL-1␤, 42 MCP-1, 43 and ICAM-1, 44 reduces early development of atherosclerotic lesions in ApoE-KO mice. Also, postnatal inhibition of MCP-1 function by overexpressing a dominant negative mutant of MCP-1, 7ND, has been shown to prevent the growth and destabilization of advanced plaques in ApoE-KO mice. 24 As compared with the strategy focusing on each of the molecules, targeting interferon-␥ may have an advantage such as a wide-range inhibition of the downstream events, because interferon-␥ regulates the multiple steps of development, progression, and destabilization of the plaques, 8, 9, 12 as shown in Figure 5 .
Limitations of This Study
Although the long-term effectiveness of sIFN␥R treatment was achieved by repeating sIFN␥R gene transfers, the efficacy of sIFN␥R treatment was partial and the treatment cessation resumed plaque progression. This raises concerns about the potential limitation of this approach. In this regard, the development of recombinant sIFN␥R protein or synthetic peptides containing the pharmacologically active domain of sIFN␥R protein would be a desirable approach, which may be feasible for long-term treatment. However, considering chronic nature of atherosclerosis, prolonged sIFN␥R therapy may not be practical for the prevention of atherosclerosis in humans. Nevertheless, we still think that our approach may have a therapeutic potential because it is well known that cardiovascular events occur because of the rupture of unstable plaques. Our approach did stabilize the lipid-and macrophage-rich advanced plaques (Figure 3) . Thus, the stabilization of the unstable plaques would be the potential therapeutic target of postnatal interferon-␥ function inhibition during limited treatment period. Although no apparent side effects were found during the period of this study, careful observation is warranted over longer period before the consideration of clinical application because the long-term systemic inhibition of interferon-␥ may result in impaired tumor immunosurveilance and susceptibility to microbial infections. To avoid the possible systemic adverse effects, drug-eluting stent or the local delivery of recombinant sIFN␥R protein using nano-particles, which target atherosclerotic plaques, may be desirable.
In conclusion, the present study is the first report showing that postnatal inhibition of interferon-␥ prevents progression of existing atherosclerotic plaques and stabilizes the lipidand macrophage-rich advanced plaques. These findings raised the possibility that the inhibition of interferon-␥ pathway is a potential therapeutic target for stabilizing the vulnerable plaques prone to rupture and subsequently for preventing cardiovascular events.
